To design the LOX/LNG ablative combustor, it is indispensable to build up the mathematical ablation model. In this paper, the mathematical model of SiFRP has been developed, which successfully predicts the penetration depth of both charred and decomposed zones and also the temperature profiles in the various kinds of experimental results which have been conducted to verify the model. Using this model, the peripheral-zone temperature profiles in the combustor, that is to say, combustor wall heat flux profiles, are estimated to reproduce the char penetration depth which has encountered in the ground firing tests, and the model has been successfully applied to design a LOX/LNG combustor.
Introduction
In this paper, the "combustion chamber" is defined as a region which covers from injector face down to the supersonic region of a certain expansion ratio point, including the throat region (shown in Fig. 1.) . The combustion chamber has been developed as an ablative design to minimize cost and maximize performance for an expendable engine. Silica phenolic (SiFRP) is the chosen material for combustion chamber liner as is has shown superior performance during the past programs. In the early programs, Carbon phenolic (CFRP) was another candidate for the combustion chamber material. CFRP is also well known heat shield material for solid rocket motor (SRM) nozzles.
As the elemental ingredient of char product of CFRP is almost pure carbon, CFRP is easy to erode, when attacked by the combustion gas of LOX/LNG. This is because the LOX/LNG combustion gas is highly oxidative than the one of SRMs. As listed in Table. 1., the mass fraction of H 2 O & CO 2 of LOX/LNG system is expected to be one order higher than the SRMs, according to the chemical equilibrium calculations 1) . When utilizing the SiFRP as a combustion chamber liner material, the following items are expected to be important technical issues.
(a) building up mathematical model for SiFRP ablation.
(b) determination of ablator thickness. (c) surface regression property (maximum operational surface temperature).
Unfortunately, owing to the limitations of the present ground test facilities, full duration firing tests have not yet been made. So, in order to evaluate the engine performance, it is indispensable to build up mathematical model for the SiFRP ablation phenomena.
In the design of the combustor, it is desirable that no surface regression occurs on the inner surface of the combustor. This leads to constraints on the maximum operating condition for the engine. As for the development of numerical and thermal design tool of SiFRP combustors, on the assumption of no surface regression, the mathematical model has been built up to predict the SiFRP ablative response. The model must successfully predict the char and decomposition depth, and also the temperature response beneath the surface along the combustor. So, various kinds of experiments to validate the ablation model have been conducted.
Mathematical Model
In the LOX/LNG ablative chamber applications, the surface reaction is excluded. The in-depth governing equations for 1-D ablator thermal response are given in the standard expressions 2) as follows. In the present scheme, momentum equations are not included. 
where Δh G means heat of pyrolysis per unit mass of gas produced andρ, C, k, h are the density, specific heat, thermal conductivity and enthalpy of the ablator, respectively, and subscript C, V and G mean fully charred state, virgin state, and pyrolysis gas, respectively. Also, τ, x are time, in-depth distance from the surface, and & m G the mass flux of the pyrolysis gas The thermal-decomposition reaction rate of the resin is assumed to follow the Arrhenius kinetic reaction equation and is determined by applying the least square method to reproduce the thermograms of the Thermo-Gravimetric (TG) data. Fig. 3 . shows examples of the TG data. The enthalpy and the specific heat of the pyrolysis gas mixture are computed by the equilibrium thermo-chemistry with condensed phase carbon excluded from possible equilibrium products. The chemical component of the products is assumed to be equal to the elemental composition of the resin minus the percentage of the solid carbon residue. In this paper, SiFRP pyrolysis gas composition is assumed to be 59% C, 13% H, and 28% O by weight.
Experimental Characterizations of SiFRP Thermochemical Properties

Interface of charred layer and decomposed layer
After exposed to the combustion gases, the inside of SiFRP test piece (TP) can be divided into 3 zones (shown in Fig. 4 .; charred layer, decomposed layer, and virgin layer. The thickness of combustion chamber ablative liners is designed so that the flight is completed before the decomposed zone advances to the metal.
To develop and confirm the ablation mathematical model, it is indispensable to clarify the physical meaning of these interfaces, so that fundamental experiments to investigate these phenomena have been conducted.
The thickness of the charred layer is assumed to depend on the thermal load (=heating rate × heating time). It seems possible to determine the heating rate during the ground firing tests from the information of those interface positions.
TG samples are prepared by using diamond drill (Outer Diameter less than 1mm) from the sampling points (see Fig. 4 .) of the TP after the heating tests. Then, the samples are set into the oven of the TG equipment and heated up to 1100 ℃ under Ar atmosphere with the heating rate of 10℃/min to acquire the TG data. From the ratio of the final mass loss ratio at the interface point to the one at the virgin layer, the degrees of reaction at the interface points were determined. Figure 5 shows that the temperature derivatives of TG data are almost zero up to 500℃ at the interface point of the charred and decomposed layer, which means that the reaction up to 500℃ around is almost complete in Virgin Charred Decomposed TG Sampling the charred zone. The final mass loss at these sampling points is shown in Fig. 6 ., where the mass loss ratio is almost constant. Based on these experimental characterizations, the heating rate is determined to reproduce char penetration depth after the heating tests. 
Surface regression
The physics of the surface regression or surface melting is still unknown to us, so that fundamental experiments to investigate and understand these phenomena have been conducted.
To understand the characteristics of SiFRP surface regression, the arc jet heating tests were conducted. In these tests, surface temperature (Tw) and heat flux (Qcw) are measured by monochromatic radiation thermometer (λ=0.65μm) of Mikron Infrared Inc. and by Gardon gauge heat flux sensor of Medtherm Corp., respectively. After the heating tests, the TPs were cut by half and the degree of regression were measured by the shape change. From the experimental correlation among the Tw and Qcw and surface regression, the maximum operating temperature of SiFRP, where no surface regression occurs, has been evaluated. It is confirmed from Fig. 7 . that no surface regression occurs even at a certain hundreds degrees over the melting temperature of SiO 2 (1724℃).
After the heating tests, the TP surface were observed by SEM (Scanning Electron Microscope) and it is found that when surface temperature exceeds SiO 2 melting temperature the surface is gradually covered by coating like structure of SiO 2 and the higher the surface temperature the coating like structure gradually disappears. The probable reason is the viscosity of the melting layer is rather high. (see Fig. 8 .) 
Verification of SiFRP Ablation Model by Laser Heating Tests
To verify the SiFRP ablation model, we have conducted laser heating tests. In these experiments, the vacuum chamber gas is substituted by Argon, the virgin SiFRP TP (30mm × 30mm × 32mm) is supported by Al 2 O 3 disk plate on the top and bottom surface. The semiconductor laser beam (λ=1μm) is spotted and scanned on one of the side surfaces of the TP. The level of the heat flux is adjusted to attain the same amount as the one on the combustor inner surface and the heat flux distribution is determined by preliminary tests using a black acrylic resin. A monochromatic radiation thermometer (λ=0.65μm) of Mikron Infrared Inc is spotted on the center of the TP (the diameter is around 5mm) and the surface temperature (Tw) is measured. In-depth temperatures of the TP are measured at the depth of 8mm, 16mm, 24mm from the heating surface by inserted thermocouples (type K). The Al 2 O 3 disk temperature is also measured. (see Fig. 9 .) Under the boundary condition of the Al 2 O 3 disk temperature set by the measured temperature histories during the tests, we have made 3-D ablation calculation with respect to the TP (computed examples are shown in Fig. 10.) . Then using the experimental characterization at the interface point between the charred and the decomposed zone described in Sec. 3.1, we have compared the computed and measured temperatures and the thickness of charred and decomposed layer. Comparison results are shown in Fig. 11. and Fig. 12. . From these figures, we have confirmed that our present SiFRP ablation model can successfully reproduce the experimental results of the laser heating tests. 
Comparisons of the Computed and Measured
Temperature of SiFRP TP at laser heating tests
Verification of SiFRP Ablation Model by Ground Firing Tests
The effective combustion gas temperature (
) is estimated using C*-correction factor ( η , defined as the ratio of experimentally determined characteristic velocity (C*) to the theoretical C*, see Ref 3) ) and theoretical combustion gas temperature ( C T ).
In the LOX/LNG combustor, as shown in Fig.13 ., film cooling system is adopted. So, the peripheral-zone combustion temperature (
) is supposed to be lower than the core combustion gas temperature and also be higher as it flows down the combustion chamber. The wall heat flux is assumed to be expressed using Eq.(6). In this paper, the peripheral-zone temperature distribution is estimated to reproduce the experimental values of the char penetration depth of combustion chamber SiFRP liners after the ground firing tests. In Eq.(6), W T and h represent wall temperature, heat transfer coefficient based on Bartz Eq 4) ., respectively.
( ) As the stored heat in the charred zone during the combustion period conducts in the depth direction after the combustion (that is to say, the heat soakback phenomenon), the interface points between the charred and decomposed layer and the decomposed and virgin layer are both supposed to progress. For this reason, we consider that the estimation of the combustor surface temperature around the nozzle throat based on the char penetration depth reproduction by numerical calculation is somewhat unconvincing. Thus, in a ground firing test, we have determined to measure the temperature at the depth of 4mm, 8mm, 12mm beneath the inner surface around the throat to evaluate the safety margin with regard to the surface regression initiation. The thermocouples (type S, Outer Diameter=1mm around) are inserted through the holes from the backside of the combustor (see Fig. 14.) and the depths of the thermocouples are determined by X-ray techniques. 
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And also the comparison results between and computed and measured temperature histories are shown in Fig. 16 .. Although the computed results slightly over-predict the experimental temperatures, we believe that it is sufficient for the design purpose. These figures show that the ground firing test results, namely, the ablator in-depth temperature profiles and the penetration depth of both charred and decomposed zone are successfully reproduced by our SiFRP ablation model.
Also, according to our present model, the peripheral-zone combustion temperature has been estimated to be 2200-2300 ℃, which almost coincides with the experimentally derived value in Ref. 5) . And also the SiFRP surface temperature at the throat has been estimated to be lower than the maximum allowable SiFRP temperature (see Fig. 7 .) by a certain hundreds of degrees.
Discussion
The thickness of combustion chamber ablative liners is designed so that the flight is completed before the decomposition zone advances to the metal. The prediction of the thickness is made using the above mentioned SiFRP ablation model, considering a certain amount of the safety margin.
As for the surface regression at the throat, it is confirmed that the predicted surface temperature is several hundreds degrees below the maximum operational temperature of SiFRP. But the SiFRP surface regression characteristics shown in Fig. 7 . is obtained at arc jet heating tests, where gas species is air. Therefore, it is desirable to confirm those characteristics under the combustion gas environments in the future.
Although not clearly shown in this paper, the peripheral-zone combustion temperature distribution has been estimated, which successfully reproduce the penetration depth of the charred and decomposed zone along the combustor axis. This distribution should be under the influence of the injector characteristics. Therefore, to improve the LOX/LNG engine performance in the future, it is indispensable to understand the physical phenomena in the combustor, say, the relationship between the injection characteristics and combustor performance.
Conclusion
SiFRP ablation model has been built up and it is confirmed that this model can successfully predict the char and pyrolysis penetration depths and the temperature profiles in both laser heating tests and hot fire tests.
Using this verified model, the peripheral-zone temperature profiles in the combustor, that is to say, combustor wall heat flux, is evaluated and the thermal analysis model for the liquid engine is accomplished. The model has been successfully applied to design a LOX/LNG combustor.
Further investigations and refinements will be needed to specify the propellant injection characteristics on the combustor wall heat flux. 
